Background: BRCA1 mutated breast cancer cells exhibit the elevated cell proliferation and the higher metastatic potential. G protein-coupled receptor 30 (GPR30) has been shown to regulate growth of hormonally responsive cancers, such as ovarian and breast cancers, and high expression of GPR30 is found in estrogen receptor (ER)-negative breast cancer cells. ER-negative breast cancer patients often have a mutation in the tumor suppressor gene, BRCA1. This study explored antiproliferative effects of genistein, a chemopreventive isoflavone present in legumes, and underlying molecular mechanisms in triple negative breast cancer cells with or without functionally active BRCA1. Methods: Expression of BRCA1, GPR30 and Nrf2 was measured by Western blot analysis. Reactive oxygen species (ROS) accumulation was monitored by using the fluorescence-generating probe, 2',7'-dichlorofluorescein diacetate. The effects of genistein on breast cancer cell viability and proliferation were assessed by the MTT, migration and clonogenic assays. Results: The expression of GPR30 was dramatically elevated at both transcriptional and translational levels in BRCA1 mutated breast cancer cells compared to cells with wild-type BRCA1. Notably, there was diminished Akt phosporylation in GPR30 silenced cells. Treatment of BRCA1 silenced breast cancer cells with genistein resulted in the down-regulation of GPR30 expression and the inhibition of Akt phosphorylation as well as the reduced cell viability, migration and colony formation. Genistein caused cell cycle arrest at the G2/M phase in BRCA1-mutant cells through down-regulation of cyclin B1 expression. Furthermore, BRCA1-mutant breast cancer cells exhibited higher levels of intracellular ROS than those in the wild-type cells. Genistein treatment lowered the ROS levels through up-regulation of Nrf2 expression. Conclusions: Lack of functional BRCA1 activates GPR30 signaling, thereby stimulating Akt phosphorylation and cell proliferation. Genistein induces G2/M phase arrest by down-regulating cyclin B1 expression, which is attributable to its suppression of GPR30 activation and Akt phosphorylation in BRCA1 impaired breast cancer cells. (J Cancer Prev 2019;24:197-207)
INTRODUCTION
Breast cancer is one of the most frequently diagnosed malignancies in women, and especially the triple negative breast cancer (TNBC) type has a significantly worse prognosis as well as a higher recurrence rate [1] . The main reasons for the poor prognosis include a higher rate of metastasis and resistance to chemotherapy and/or radiotherapy. TNBC is characterized by lack of all three genes encoding estrogen receptor (ER), progesterone receptor and Her2/neu, and often associated with BRCA1 mutation [2] . BRCA1 is one of the most commonly mutated tumor suppressor genes that accounts for a large proportion of hereditary breast cancer [3, 4] . In addition, lack of the expression of functional BRCA1 is observed in many cases of sporadic breast and ovarian cancers, signifying the absence or mutation of BRCA1 as an essential causative factor in these malignancies [4, 5] . When BRCA1 is mutated, damaged DNA cannot be repaired correctly, which causes genetic alterations, leading to genomic instability, and eventually malignant transformation of cells. Moreover, loss of BRCA1 accounts for invasion and metastasis of breast cancer cells [6] [7] [8] .
A seven-transmembrane receptor G protein-coupled receptor 30 (GPR30) has been reported to mediate rapid non-genomic signals of estrogens [9, 10] . The stimulation of GPR30 in ERnegative breast cancer cells can result in the reduced cell proliferation and increased apoptosis. GPR30 has been suggested to activate Akt signals involved in cancer cell proliferation and cell cycle progression [9, 11, 12] . Further, a positive correlation between expression of GPR30 and a reactive oxygen species (ROS) level has been reported [11, 13] . The increased ROS production is often found in cancer cells, which is strongly associated with decreased activation of Nrf2, a key transcription factor involved in regulation of antioxidant gene expression [14] .
Epidemiological studies have demonstrated that consumption of soy foods lowers the risk of breast cancer [15, 16] . Genistein, one of the most abundant isoflavones present in soybeans, has a chemopreventive effect on mammary carcinogenesis [17] [18] [19] . The chemopreventive and anticarcinogenic activities of genistein have been attributed, at least in part, to its capability to antagonize the ER. However, its effect on survival and proliferation of estrogen negative cells, especially differing by the presence or absence of BRCA1 has not been fully clarified. Genistein has been reported to block G2/M progression of the cancer cell cycle [20, 21] . There have been investigations that explore the relationship between inhibition of Akt signaling and G2/M arrest [22] . Overexpression of cyclin B1, a key player of G2/M phase cell cycle machinery, is associated with the hyperactivation of Akt signaling [23] .
This study aimed to examine the effects of genistein on growth of TNBC cells with impaired BRCA function. We have found that genistein suppresses TNBC proliferation most likely through inactivation of the GPR30-Akt signaling. 
MATERIALS AND METHODS

Materials
Cell culture
MDA-MB-231 and HCC1937 cells were cultured in DMEM and RPMI, respectively. Each medium was supplemented with 10% FBS and 1% antibiotic-antimycotic. The cells were maintained at 37 o C with humidified atmosphere of 5% CO2 and 95% air.
MTT assay
MDA-MB-231 and HCC1937 cells were counted and seeded at a density of 1.6 × 10 4 per well in 48-well plates. After 24 hours of incubation, the cells were treated with various concentrations of genistein (10, 25, 50, or 100 M). Cell viability was measured at 72 hours. Thiazolyl blue tetrazolium bromide (Sigma-Aldrich, St. Louis, MO, USA) was added at a concentration of 0.5 mg/mL. After 3 hours of incubation, dimethyl sulfoxide was added to solubilize the formazan crystals formed. The absorbance was measured at 570 nm using a micro-plate reader (Bio-Rad Laboratories, Hercules, California, USA).
Migration assay
Two-well Culture-Inserts (Ibidi Ⓡ ) were attached to 12-well plates. MDA-MB-231 and HCC1937 cells were seeded at a density of 1.5 ×10 4 for MDA-MB-231 and 2 × 10 4 for HCC1937 cells per each well in the inserts. After 24 hours of incubation, the silicon inserts were removed, and 50 M genistein was added. After incubation for another 24 hours, the cells were photographed under a microscope. The procedure was repeated using BRCA1-siRNA transfected MDA-MB-231 cells.
Clonogenic assay
MDA-MB-231 and HCC1937 cells were plated in 6-well plates at a density of 300 cells per well. Medium was changed every other day. After 7 days of incubation, genistein (10 or 50 M) was added. Cells were further cultured for 7 days. The cells were then washed with PBS and fixed in cold methanol for 10 minutes. The colonies were stained using 0.5% crystal violet and imaged by the LAS-4000 image reader (Fuji Film, Tokyo, Japan).
Transient transfection with siRNA
MDA-MB-231 cells were reverse transfected with BRCA1-siRNA, and HCC1937 cells were reverse transfected with GPR30-siRNA. The target sequences used for transfection are as follows.
For BRCA1-siRNA, 5'-CUA GAA AUC UGU UGC UAU G-3' (sense), and 5'-C AUA GCA ACA GAU UUC UAG-3' (antisense). For GPR30-siRNA, 5'-ACA ACU GCG GUG AUG AUG U-3' (sense), and 5'-ACA UCA UCA CCG CAG UUG U-3'(antisense). Each siRNA (20 M) was diluted in Opti-MEM to make the final volume of 20 nM.
Lipofectamine
Ⓡ RNAiMAX reagent diluted in Opti-MEM was then added, and the mixture was incubated for 15 minutes and added to newly seeded cells. After 48 hours incubation, cells were harvested for further experiments.
Western blot analysis
Cells were harvested at designated time points. Cells were washed using cold PBS and collected as pellets. Cell pellets were suspended in 1 × cell lysis buffer (20 mM Tris-HCl [pH 7.5], 150 mM NaCl, 1 mM Na2 EDTA, 1 mM EGTA, 1% Triton, 2.5 mM sodium pyrophosphate, 1 mM glycerophosphate, 1 mM Na3VO4, 1 g/mL leupeptin; Cell Signaling Technology) supplemented with a protease inhibitor and 0.1 mM PMSF. After incubation in ice for 1 hour, the mixture was centrifuged at 13,000 ×g for 15 minutes at 4 o C. Supernatant was collected as a whole cell lysate. Protein concentrations were determined by the bicinchoninic acid assay. Protein samples were made by mixing equal amounts of protein with the SDS loading dye and boiled at 99 o C for 5 minutes. Proteins samples were electrophoresed in SDS-PAGE and were transferred to polyvinylidene fluoride membranes (German Laboratory, Ann Arbor, MI, USA). The blots were blocked with 5% fat-free dry milk in TBS buffer containing 0.1% Tween-20 (TBST) for 1 hour at room temperature. The blots were then incubated using an indicated primary antibody overnight at 4 o C. The membranes were washed with TBST and incubated with respective horseradish peroxidase conjugated secondary antibodies for 1 hour. After incubation, the blots were washed again with TBST and was visualized with the enhanced chemiluminescence substrate detection reagent using the LAS-4000 image reader. 
Reverse transcription-PCR
Measurement of reactive oxygen species
To measure the intracellular accumulation of ROS, a fluorescent probe 2,7-dichlorofluoresecein diacetate (DCF-DA) was used. MDA-MB-231 and HCC1937 cells were rinsed with Hank's balanced salt solution (HBSS), and 10 M of DCF-DA was loaded. After 30 minutes incubation at 37°C, cells were visualized under a live cell image microscope.
Cell cycle analysis
MDA-MB-231 (scrambled siRNA and BRCA1-siRNA transfected) and HCC1937 cells were treated with genistein for 72 hours. The cells were collected, washed with PBS and fixed using 70% ethanol for 2 hours at 4°C. Then, the cells were washed with HBSS, added with RNase and stained with propidium iodide. The proportion of cells in each phase of cell cycle was measured using BD FACSCalibur (Becton Dickinson Biosciences).
Xenograft assay
Animal experiments were conducted in accordance with institutional guidelines for the care and use of experimental animals. Each side of a BALB/c nude mice was injected subcutaneously with 1 × 10 7 control or BRCA1-siRNA transfected MDA-MB-231 cells. After one month of inoculation, the size of tumors was measured. The formula used for calculation of tumor volume was 0.5 × larger diameter × (smaller diameter) 2 .
Statistical analysis
Results were expressed as the means of ± SD of three independent experiments. The statistical significance of the difference between groups was determined using Student's ttest. Analysis was performed using SigmaPlot 8.0. P ＜ 0.05 was considered a statistically significant difference. 
RESULTS
Effects of BRCA1 impairment on proliferation of
triple negative breast cancer cells BRCA1 impaired cells are known to proliferate aggressively [24] . In agreement with this notion, HCC1937 cells harboring mutated BRCA1 showed significantly increased phosphorylation of Akt and expression of GPR30 compared to MDA-MB-231 cells with wild-type BRCA1 (Fig. 1A) . The level of the mRNA transcript of GPR30 was also markedly elevated in HCC1937 cells (Fig. 1B) . In addition, the protein expression of GPR30 was significantly elevated in BRCA1-siRNA transfected MDA-MB-231 cells (Fig. 1C ). Silencing of GPR30 in HCC1937 cells reduced the P-Akt level (Fig.   1D ), suggesting that GPR30 activates Akt signaling.
Effects of genistein on the viability of triple negative breast cancer cells
Next, MDA-MB-231 and HCC1937 cells were compared with regard to their susceptibility to the cytotoxic effect of genistein. For both cell lines, treatment with genistein lowered the cell viability in a concentration-dependent manner ( Fig. 2A) . Compared to cells with wild-type BRCA1, TNBC cells with mutated ( Fig. 2A) or silenced (Fig. 2B ) BRCA1 were apprenetly more sensitive to genistein.
Effects of genistein on the migration of triple negative breast cancer cells and their colony formation
The anti-proliferative effect exerted by genistein was extended to its capability to inhibit cell migration and colony formation. When treated with genistein for 24 hours, both MDA-MB-231 and HCC1937 cells showed reduced migration, which was more pronounced in HCC1937 cells (Fig. 3A) . Likewise, MDA-MB-231 cells transfected with BRCA1-siRNA exhibited greater reduction in migration upon treatment with genistein ( Fig. 3B ). In addition, genistein treatment markedly decreased the number and the size of colonies (Fig. 3C) . Again, BRCA1 impaired TNBC cells were more responsive to genistein compared to those with functionally active BRCA1.
Comparative effects of genistein on cell cycle progression in MDA-MB-231 cells with and without BRCA1 silencing
To determine whether genistein could regulate cell cycle machinery in its anti-proliferative activity, the cell cycle distribution was measured by flow cytometry. The proportion of cells in the G2/M phase increased 14% in BRCA1-siRNA transfected cells (Fig. 4A) . As GPR30 is known to activate Akt [9, 10, 25] , which is an upstream kinase of cyclin B1 [23] , expression of these two signaling molecules upon genistein treatment was examined. Genistein treatment to MDA-MB-231 cells transfected with control siRNA did not cause any changes in the expression level of cyclin B1. On the other hand, BRCA1-siRNA transfected The intracellular ROS levels in genistein treated MDA-MB-231 and HCC1937 cells were measured using a DCF-DA fluorescent dye. Cells were exposed to either dimethyl sulfoxide or 50 M genistein for 24 hours. Images of cellular fluorescence were acquired by using a live cell image microscope. (C) The protein level of Nrf2 in HCC1937 with and without genistein treatment for 72 hours was measured by Western blot analysis. GAPDH, glyceraldehyde 3-phosphate dehydrogenase. cells showed a decrease in the expression of cyclin B1 upon genistein treatment (Fig. 4B) . Likewise, genistein inhibited cyclin B1 expression in HCC1937 cells harbouring mutant BRCA1, but not in MDA-MB-231 cells with functionally active BRCA1 gene (Fig. 4C ). In addition, there was more pronounced reduction in phosphorylation of Akt in BRCA1-siRNA transfected MDA-MB-231 cells (Fig. 4D ).
Effects of genistein on G protein-coupled receptor 30 expression and reactive oxygen species accumulation in triple negative breast cancer cells with BRCA1 impairment
While expression of GPR30 was decreased in HCC1937 cells by genistein treatment, such change was not observed in MDA-MB-231 cells that barely express GPR30 (Fig. 5A ). Next, the intracellular ROS level was measured upon genistein treatment. HCC1937 cells exhibited higher intracellular levels of ROS than did the MDA-MB-231 cells (Fig. 5B ). While both MDA-MB-231 and HCC1937 cells treated with genistein (50 M) showed a diminished ROS level, the decrease was more noticeable in HCC1937 cells (Fig. 5B ). In parallel with reduction in intracellular ROS accumulation, there was a concomitant increase in the Nrf2 protein level following genistein treatment (Fig. 5C ). These results suggest that Nrf2 activation by genistein may account for its inhibition of intracellular ROS accumulation in HCC1937 cells.
Effects of BRCA1 silencing on growth of triple negative breast cancer cells in athymic nude mice
Association between BRCA1 and tumorigenesis has been extensively investigated [26, 27] . To determine whether BRCA1 deficiency has an effect on tumor forming capability in vivo, control and BRCA1 knockdown MDA-MB-231 cells were injected into BALB/c nude mice at a density of 1 × 10 7 cells per side. After one month of inoculation, the size of tumors was measured. As shown in Figure 6 , tumors derived from BRCA1 knockdown cells had significantly larger volume compared to those from the cells with wild-type BRCA1. It'll be necessary to determine the effects of genistein on growth of BRCA1 silenced MDA-MB-231 cells in a xenograft model.
DISCUSSION
The present study demonstrates that genistein inhibits the proliferation and growth of TNBC cells with mutant BRCA1 by targeting GPR30. This led to the reduced expression of Akt, and subsequently cyclin B1, a key enzyme involved in cell cycle progression in the G2/M phase. In addition, genistein suppressed the overproduction of ROS in BRCA1 deficient cells, apprently through activation of Nrf2 signaling. Estrogen plays a key role in the development and progression of breast cancers. Estrogen binds to the receptor to exert its (patho)physiologic function. Besides classical ER, such as ER and ER, GPR30 can also respond to estrogen. In contrast to ER and ER, GPR30 is located at the cell surface membrane for a rapid response to estrogen [28] . Breast cancers are classified ER positive, ER negative, and triple negative, depending on their receptor types. TNBC is the most common histological subtype associated with BRCA1 mutation [29] . Since prevalence of BRCA1 mutation in detrimental TNBC patients is relatively high, this prompted us to investigate the proliferation and progression of TNBC with BRCA1 mutation. For this purpose, a BRCA1 mutated HCC1937 cell line was selected. This cell line harbors 5382C insertion, the second most common BRCA1 mutation. Besides BRCA1 mutated HCC1937 cells, BRCA1 silenced MDA-MB-231 cells were examined to further corroborate the findings on the role of BRCA1 in cell progression. Even though a substantial body of evidence suggests that BRCA1 deficient breast cancer is highly aggressive, the precise mechanisms by which BRCA1 exerts its oncogenic functions have not been thoroughly scrutinized.
One of the salient features of our present study is demonstration of the possible involvement of GPR30 signaling in the aggressive growth and progression of breast cancer cells with BRCA1 impairment. The expression of GPR30 was dramatically elevated at both transcriptional and translational levels in BRCA1 mutant breast cancer cells in comparison to the wild-type cells. In BRCA1 mutated HCC1937 cells, there was elevated expression of cell proliferation which was associated with enhanced Akt phosphorylation and GPR30 expression. When the tumor suppressor BRCA1 is not functioning properly, Akt is activated [30] . The elevated phosphorylation of Akt could be attributable to an increase in GPR30 because this receptor is reported to be associated with the activation of epidermal growth factor receptor-PI3K-Akt axis [31] .
Genistein, a major phytochemical found in soy beans, has been extensively investigated for its chemoprevetive and anticarcinogenic potential [17] [18] [19] . In our present study, the effects of genistein on proliferation and progression of BRCA1 mutated TNBC cells were investigated. Genistein downregulated the expression of GPR30 and inhibited the phosphorylation of Akt, leading to the reduced expression of cyclin B1. This result suggests that BRCA1 deficiency/impairment may confer sensitivity to genistein. In support of this supposition, there is a report demonstrating the increased sensitivity to geinstein in breast cancer cells harboring mutant BRCA1 [32] . However, the exact molecular mechanism whereby genistein exerts anti-proliferative effects in breast cancer cells with an impaired BRCA1 function awaits further study.
It can be postulated that GPR30 might be a clue for differential effects of geinstein in breast cancer cells depending on the BRCA1 status. Highly expressed GPR30 and phosphorylated Akt in BRCA1 impaired breast cancer cells would render them more susceptible to genistein-induced growth suppression. Indeed, genistein exerts a stronger inhibitory effect on proliferation and/or migration in of BRCA1-mutant HCC1937 cells than in MDA-MB-231 cells with wild-type BRCA1. It was noticeable that BRCA1 impairment resulted in the overproduction of ROS. In line with this notion, Nrf2 in HCC1937 cells was barely detected. It would be worthwhile determining whether BRCA1 inhibits intracellular production of ROS and subsequently GPR30 signaling through activation of Nrf2.
In conclusion, this study provides evidence for the inhibitory effect of BRCA1 on aberrant proliferation, migration and progression of breast cancer cells. BRCA1 mutation leads to activation of the GPR30-Akt signaling, resulting in aggressiveness of TNBC cells. Further study is required to unravel whether geinstein acts in BRCA1 lacking cells by directly targeting GPR30.
